Safety demonstration tests using the High Temperature Engineering Test Reactor (HTTR) are in progress to verify its inherent safety features and improve the safety technology and design methodology for High-temperature Gas-cooled Reactors (HTGRs). The reactivity insertion test is one of the safety demonstration tests for the HTTR. This test simulates the rapid increase in the reactor power by withdrawing the control rod without operating the reactor power control system. In addition, the loss of coolant flow tests has been conducted to simulate the rapid decrease in the reactor power by tripping one, two or all out of three gas circulators. The experimental results have revealed the inherent safety features of HTGRs, such as the negative reactivity feedback effect. The numerical analysis code, which was named -ACCORD -, was developed to analyze the reactor dynamics including the flow behavior in the HTTR core. We have modified this code to use a model with four parallel channels and twenty temperature coefficients. Furthermore, we added another analytical model of the core for calculating the heat conduction between the fuel channels and the core in the case of the loss of coolant flow tests. This paper describes the validation results for the newly developed code using the experimental results. Moreover, the effect of the model is formulated quantitatively with our proposed equation. Finally, the pre-analytical result of the loss of coolant flow test by tripping all gas circulators is also discussed.
Introduction
The HTTR (1) was built in the Oarai Research & Development Center of the Japan Atomic Energy Agency (JAEA) to establish and enhance technologies for HTGRs (2) (3) .
The HTTR is the first gas-cooled reactor in JAPAN, which is a graphite-moderated and a gas-cooled reactor with a thermal power of 30 MW and a reactor outlet coolant temperature of 950 °C (4) (5) . The reactor outlet coolant temperature of 950°C was achieved for the first time in the world. Thus, it is possible to achieve highly efficient power generation with a high temperature gas turbine and a production of hydrogen from water with high-temperature. An HTGR can be designed such that a core meltdown is impossible even in the case of a depressurized loss of the coolant due to the excellent safety features mentioned above. Therefore, an HTGR having such excellent characteristics is selected as a generation IV reactor systems, namely, a very high-temperature gas-cooled reactor (VHTR) system. The JAEA is conducting the design study of the GTHTR300C (6) as an advanced future HTGR having the high performance characteristics required in a VHTR system. The GTHTR300C is a cogeneration system for hydrogen production and electricity generation with high cost-performance. The inherent safety characteristics enable high cost-performance by applying simplified engineered safety features such as a passive vessel cooling system that only uses the natural circulation of air, a reactor building designed to provide confinement with a limited leak rate, etc (7) .
The demonstration of the inherent safety characteristics of an HTGR is necessary to ensure the reliability of the GTHTR300C design. The safety demonstration tests (8) (9) by using the HTTR were planned so as to perform first phase test to simulate the anticipated operational transient and second phase test to simulate the accident postulated in the safety evaluation of the HTGR. Up to now, first phase of safety demonstration tests such as control rod withdrawal and coolant flow reduction, have been successfully completed and demonstrated the inherent safety characteristics. These tests were performed in order to simulate abnormal reactivity insertion and cooling decrease in the core as postulated in the safety evaluation. The data obtained in these tests are very useful for validation of the analysis codes. The design by using validated analysis codes becomes reliable and acceptable for licensing and public acceptance. This paper describes the outline and main results of the safety demonstration tests of the control rod withdrawal and coolant flow reduction in the HTTR. Moreover, this paper describes the validation results for the newly developed code using a new model with four parallel channels and twenty temperature coefficients. Especially, the formulation of the effect of the model was successful quantitatively with our proposed Eq. (5) . Present study is the result of "the quantitative demonstration of HTGR inherent safety features" entrusted to the JAEA by the Ministry of Education, Culture, Sports, Science and Technology (MEXT). 
Nomenclature

Outline of the HTTR
The core is composed of fuel assemblies, control rod (CR) guide blocks, and permanent reflector blocks that are circumferentially stacked. A perpendicular stacked row is referred to as a column, and the core consists of 61 columns. The core is divided into the fuel region including the fuel assemblies and the permanent reflector region surrounding the outside of the fuel region. The CR guide blocks are installed in the both regions. Helium gas, the primary coolant, flows from the outer path of the high temperature concentric pipe to the core, and rises to cool the pressure vessel. After being inverted in the upper part of the reactor pressure vessel (RPV), the coolant is heated to a maximum of 950°C in the core. The coolant flows then from the inner path of the high temperature concentric pipe to the pressure vessel outside. The fuel assembly is the so-called pin-in-block type composed of fuel rods and a hexagonal graphite block. The fuel compact comprises coated fuel particles (CFPs) consisting of a microsphere of low enriched UO2 with a TRISO (tri-isotropic) coating. The CFPs are incorporated into the fuel compacts with a graphite matrix. A fuel rod composed of fuel compacts and a graphite sleeve, is contained within the vertical hole of a graphite block. The HTTR has 954 flow channels in the core.
Reactivity insertion test by withdrawing a control rod
Safety demonstration tests using the HTTR are in progress to verify its inherent safety features and improve the safety technology and design methodology for High-Temperature Gas-cooled Reactors (HTGRs). The reactivity insertion tests performed without operating the reactor power control system, demonstrates a rapid increase in the reactor power caused by a rupture of the stand pipe. The simulation performed by withdrawing a pair of the control rods at the center does not cause a severe accident due to the inherent safety features, namely, the negative reactivity feedback effect of the core and the slow temperature transient in HTGRs. The peak power value, reduction in power speed, etc., obtained during the reactivity insertion test will be utilized for the development and validation of analytical models, reactivity coefficients, temperature coefficients, etc.
Test procedure
In the safety demonstration test using the HTTR, there are some operational restrictions with regard to safety. In the initial condition of the safety demonstration test, the reactor power and the reactor outlet coolant temperature must be below 80% (24MW) and 850°C, respectively. In addition, during the tests, the reactor power, reactor inlet and outlet coolant temperatures, pressure, etc., will be maintained under the normal operation conditions. To appropriately set the plant parameters during the tests, the HTTR system is equipped with an operation-mode selector. The operation mode is selected after confirming the initial conditions. In this test, the pair of the control rods at the center is withdrawn and the neutron flux, reactor inlet and outlet coolant temperatures, primary circuit flow rate, pressure, etc., are measured. After the test, the reactor power is adjusted to the initial value and the operation mode is then turned off.
Test results
Figures 1, 2 and 3 show the test results at the reactor power of 9MW, 15MW and 18MW, respectively. The vertical axis represents the deviation from the initial value of the reactor power. There are large differences in the peak power values between the withdrawal of the control rod at low velocity (about 1mm/sec) and high velocity (about 5mm/sec). The peak power values at the low velocity are lower because the negative reactivity feedback effect restrains the increasing reactor power as listed in Table 1 . For all the cases, the reactor power becomes stable after withdrawal. 
Loss of coolant flow tests by tripping one, two or all out of three gas circulators
The loss of coolant flow tests performed without operating the reactor power control system demonstrate a rapid decrease in the reactor power caused by coolant flow reduction in the core. The simulation that involved the tripping of one, two or all out of three gas circulators did not cause a severe accident; this is due to the inherent safety features, namely, the negative reactivity feedback effect of the core and the slow temperature transient in HTGRs. 
Test procedure
In this test, one, two or all out of three gas circulators are tripped and the neutron flux, reactor inlet and outlet coolant temperatures, primary circuit flow rate, pressure, etc., are measured. After the test, the reactor power becomes zero by manual reactor shutdown.
Reactor kinetics
Outline of reactor kinetics and method of analysis
The reactor kinetics and heat transfer in the core are important phenomena to be considered in the analysis of the reactivity insertion tests; therefore, the numerical analysis code -ACCORD -was developed to analyze the reactor dynamics including the flow behavior in the core (10) . The analytical method for heat transfer and reactor kinetics uses a two-dimensional model and a flow channel, as shown in Fig. 4 .
Fig. 4 Analytical model of the ACCORD code
The total reactivity is the sum of the inserted, Doppler, moderator and xenon reactivities. The reactor power is calculated using the transient of total reactivity. For the point reactor kinetics model, a change in the power density distribution of the tests is not considered. The neutronic characteristics, namely, the inserted reactivity and temperature coefficients, are needed for the reactor kinetics analysis; therefore, the inserted reactivity using the MVP code based on the Monte Carlo theory (11) and the temperature coefficient using the MVP code and the CITATION code based on the diffusion theory (12) , are calculated. The MVP code can be accurately used with analytical models for the fuel and moderator region of the HTTR. This calculation, however, is time consuming and does not yield the analytical results quickly. On the other hand, the calculation with the CITAION code is less time consuming. The CITATION code is very convenient to obtain many temperature coefficients referred to as region temperature coefficients in this report. JENDL-3.2 is used as the nuclear data library. The use of one fuel temperature coefficient and one moderator temperature coefficient for the analysis of reactor kinetics is a conventional method. A reactivity of a single temperature coefficient is defined in Eq. (1).
The fuel assemblies containing the different degrees of enriched uranium at the HTTR, are set up in the core as listed in Table 2 , to decrease the maximum fuel temperature. In particular, the four fuel assemblies are set up radially from the inside to the outside -F1 to F4 -as listed in Table 2 , and the five fuel assemblies are set up axially from the top to the bottom -1 to 5 -as listed in Table 2 . Considering this setup of the fuel assemblies, the core can be divided into four regions radially and five regions axially, twenty regions for calculating the region temperature coefficients as listed in Table 2 . Firstly, the temperature distribution in the core solved by another thermal hydraulics analysis code is used for the temperature distributions in the regions. Secondly, the temperatures in each region are changed one by one in calculating the region temperature coefficients. Thus, the region temperature coefficients consider the temperature changes in each region. Finally, the region temperature coefficients are defined in Eq. (2).
( )
If the neutron flux and neutron importance in the core do not change during the test, the single temperature coefficient becomes equivalent to the sum of the region temperature coefficients, as defined in Eq. (3).
On the other hand, the rise in the average temperature of the fuel column -F1 to F4 -is defined in Eq. (4) . N(F1), N(F2) , N(F3) and N(F4) mean the sum of the region numbers of the fuel column respectively as listed in Table 2 . Every volume of the regions
The conventional model for heat transfer analysis uses one flow channel representing the 954 flow channels in the core, as shown in Fig. 4 . However, this analytical model does not consider the power density distributions radially and the temperature distributions axially based on the coolant flow rate distributions in the core. On the other hand, four flow channels in the core as listed in Table 2 , can use these power density distributions and the coolant flow rates. During the rated power operation carried out at a reactor power of 30MW, the reactor inlet coolant temperature is 395°C, while the reactor outlet coolant temperature is 950°C; thus, the temperature difference between the inlet and the outlet coolant temperature is about 550°C. Due to this, the axial temperature gradient of the coolant in the core is high. Furthermore, we added another analytical model of the core for calculating the heat conduction between the fuel channels and the core in the case of the loss of coolant flow tests. The analytical method for heat transfer and reactor kinetics employs a two-dimensional core model as shown in Fig. 5 . The fuel channels are coupled for the data transfer, such as the component temperature and power distribution. The code can simulate the transients of the reactor power and the temperature in the core. 
Analytical conditions
The analytical conditions are as follows: Some values containing statistical errors are calculated using the MVP code and the CITATION code because these values cannot be directly measured from the HTTR:
(1) The initial reactor power is calculated using the measured neutron flux.
(2) The value corresponding to the control rod withdrawal is calculated based on the position of the controls rods (3) The velocity of the control rod withdrawal is calculated based on the position of the control rods (4) The inserted reactivity calculated using the MVP code ranges from 1.4×10 -4 ∆k/k to 4.8×10 -4 ∆k/k with a statistical error of ± 10 % (about 2σ).
(5) The fuel temperature coefficient is calculated using the MVP code and the CITATION code. The sum of the region temperature coefficients equals to a single temperature coefficient. The statistical error is ±10 % (about 2σ).
(6) The moderator temperature coefficient is calculated using the MVP code and the CITATION code. The sum of region temperature coefficients equals to a single temperature coefficient. The statistical error is ±15 % (about 2σ). It is verified that the fuel and moderator temperatures do not change significantly during the test; therefore, these changes do not affect the fuel temperature coefficients and the moderator temperature coefficients because the maximum region temperature rise is about 14 °C as stated in § 6.5.
(7) The effective delayed neutron rate is calculated using the CITATION code and the DELIGHT code (13) , which provides the group constants for the fuel assemblies and graphite blocks. The ENDF/B-IV is used as the nuclear data library. The effective delayed neutron rate is 0.70 % for a burnup of 0 day, 0.61% of 9 MW (reactor power) and 0. Figure 6 shows the analytical results using the four flow channels and the twenty temperature coefficients in comparison with those of using the one flow channel and a single temperature coefficient. The peak power values of the analytical results are larger than those of the measured values, and these stable values stabilize to become equal after 100 sec. The validity of the point reactor kinetics approximation is verified from these tests. The analytical results using the four flow channels and the twenty temperature coefficients can demonstrate the transients of the reactor power better than those using the one flow channel and the single temperature coefficient (14) . Fig. 6 Analytical results at the reactor power of 15MW and the CR withdrawal of 40mm at low velocity
Analytical results
Reactor transient in reactivity insertion test
C/E of the peak power values
The maximum C/E, which represents calculated values dividing by experimental ones of the peak power, is 1.02 (2 %) using one flow channel and a single temperature coefficient at the reactor power of 9MW and a control rod withdrawal value of 40mm at low velocity. On the other hand, the minimum C/E of the peak power value is 1.01 (1 %) with four flow channels and twenty temperature coefficients at a reactor power of 15MW and a control rod withdrawal value of 40mm at low velocity as shown in Fig. 6. 
Region temperature rise and region temperature coefficient
Figures 7 (a) and (b) show the axial and the normalized axial convex curves of the rise in region temperature respectively, and in region temperature coefficient at a reactor power of 15MW and a control rod withdrawal of 40mm at low velocity. The fuel assemblies are set up radially from the inside to the outside of the core -F1 to F4 -and axially from the top to the bottom -1 to 5 -as listed in Table 2 . These figures show the axial and the normalized axial convex curves from the top to the bottom axially. The temperatures from F1 to F4 overlap. The maximum region temperature rise after 60 sec is about 14 °C shown in Fig. 7 (a) . The temperature distribution after 30 sec clearly exhibits a convex curve shown in Fig. 7 (b) . On the other hand, the temperature distribution after 180 sec does not exhibit a convex curve, and the temperature of the top is lower than that of the bottom due to the forced-convection cooling. 
Formulation of the magnitude relation of the reactivities
The magnitude relation of the reactivities between the single temperature coefficient and the region temperature coefficients is given by Eq. (5); this is based on the condition that the change in temperature is small, about 14°C shown in Fig. 7 (a) , and every region volume of the fuel column -F1 to F4 -is equal respectively as defined in Eq. (4). Fig. 7 (b) . If the convex curve of the region temperature coefficients i α (Fig. 7 (b) ) is similar to that of the rise in region temperature i T ∆ after 30 sec (Fig. 7 (b) ), the reactivity of the region (Fig. 7 (b)) is not similar to that of i T ∆ after 180 sec (Fig. 7 (b) ), multi ρ at the time, approaches single ρ as shown in Fig. 8 . Consequently, the convex curve of the rise in region temperature after 30 sec is more similar to that of the region temperature coefficients than after 180 sec.
Relationship among the distribution of the power density, region temperature coefficient and region temperature rise
During the reactivity insertion, the adiabatic temperature rise occurs as shown in Fig. 7  (b) because the convex curve of the rise in region temperature is proportional to that of the power density distribution. On the other hand, the distributions of the power density and the region temperature coefficients are proportional to that of the neutron flux. As a result, the convex curve of the region temperature coefficients i α (Fig. 7 (b) ) is similar to that of the rise in region temperature i T ∆ after 30 sec (Fig. 7 (b) ). 
Reactor transient in one or two gas circulators trip test
The experimental results in one or two gas circulators trip test are shown in Figs. 9, 10, 11 and 12 with comparing to the analytical results. From the experimental results, it was verified that the reactor power decreases due to the negative reactivity feedback effect of the core even if the reactor shutdown system is not operational, and that the temperature distribution in the core changes slowly. The analytical conditions and results of the test are as follows:
(1) The test conducted at 9 MW in which one or two gas circulators out of three was tripped.
(2) The primary coolant flow rate was reduced and finally controlled to about 15 t/h or 30 t/h from the initial flow rate of about 45 t/h; this was possible because the one or two remaining gas circulators maintained their initial flow rate with the primary coolant flow control system. This temperature difference shows good agreement during the entire transient because 20°C divided by the measured value is about 10%. Furthermore, as shown in Fig. 5 , no thermocouple was used in the fuel element due to the very high temperature. Moreover, the standard error of the thermocouple and measuring system is generally 10% for the range of 0°C to 1000°C. These temperature differences show good agreement during the entire transient.
(6) The transient reactor power is shown in Figs. 10 and 12 . The reactor power decreased to about 7.2 MW or 4.2MW from the initial reactor power of 9 MW due to the negative reactivity feedback effect of the core. The analytical result of transient reactor power shows good agreement during the test, and they are identical to the measured values. Therefore, it was confirmed that the code was able to simulate the reactor transients in the test in which two gas circulators out of three were tripped. 
Reactor transient in all gas circulators trip test
From the pre-analytical results of the all gas circulators trip test, it will be verified that the reactor power decreases due to the negative reactivity feedback effect of the core even if the reactor shutdown system is not operational, and that the temperature distribution in the core changes slowly. The pre-analytical conditions and results of the test are as follows:
(1) The test conducted at 30 MW in which all gas circulators was tripped.
(2) The primary coolant flow rate was reduced to 0 t/h from the initial flow rate of about 45 t/h.
(3) Figures 13 and 14 show that the reactor power decreases to decay heat level from the maximum reactor power of 30 MW due to the negative reactivity feedback effect of the core, and the reactor power becomes recritical. After the reactor power decreases rapidly, the temperatures of the fuel and graphite moderator decrease, and these reactivity increases (the green and pink lines in Fig. 14) . On the other hand, the xenon builds up, and the xenon reactivity decreases (the blue line in Fig. 14) . The total reactivity increases gradually and becomes recritical three hours later (the orange line in Fig. 14) . As the result of such performance during the test, the increase of the reactor power is observed five hours later. The increase of the reactor power is restricted up to 2MW due to the negative reactivity feedback effect, and the reactor power converges to the stable level. Therefore, it was confirmed that the code was able to simulate the reactor transients in the test in which all gas circulators out of three was tripped. 
Conclusions
The reactivity insertion test is performed on the HTTR by withdrawing a pair of the control rods; based on this test, many important values for a HTGR's design and a safety review for the future have been determined. Moreover, in this report, a new analytical model is suggested and it is considered that the point reactor kinetics can be applied for reactor safety and accident analysis. The conclusions are as follows:
(1) In the control rod withdrawal, the maximum C/E of the peak power values is 1.02 (2 %) by using the one flow channel and the single temperature coefficient. There are differences between the peak power values of the analytical results and the measured values until these values become stable. On the other hand, the minimum C/E of the peak power values is 1.01 (1 %) by using the four flow channels and the twenty temperature coefficients. In this case, the abovementioned differences are less. (4) To analyze the reactor kinetics of HTGRs, the region temperature coefficients taking into account the distribution of the fuel assemblies using different degrees of enriched uranium should be considered. Further, the rise in region temperature taking into account the temperature variation in the direction of the coolant flow should be considered. In this report, the formulation of the effect on the region temperature coefficients and the rise in region temperature is proposed.
(5) Considering the difference between the analytical results and the measured values, an appropriate safety margin can be set by using the new analytical model proposed in this paper. Finally, considerable cost reduction can be achieved while constructing HTGRs in the future.
(6) From the experimental results of the one or two gas circulators trip test, it was confirmed that the reactor power decreases due to the negative reactivity feedback effect of the core even if the reactor shutdown system is not operational. The analytical result of transient reactor power shows good agreement during the test, and they are identical to the measured values. JAEA for their useful comments and advice. The authors also would like to express their appreciation to Mr. Minoru Goto and Mr. Naoki Nojiri of JAEA for their efforts to evaluate nuclear parameters such as a control rod withdrawal, temperature coefficients of reactivity, etc.
